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Summary
Translational control of maternal mRNA through regu-
lation of poly(A) tail length is crucial during early de-
velopment. The nuclear poly(A) binding protein,
PABP2, was identified biochemically from its role in
nuclear polyadenylation. Here, we analyze the in vivo
function of PABP2 in Drosophila. PABP2 is required
in vivo for polyadenylation, and Pabp2 function, in-
cluding poly(A) polymerase stimulation, is essential
for viability. We also demonstrate an unanticipated
cytoplasmic function for PABP2 during early develop-
ment. In contrast to its role in nuclear polyadenyla-
tion, cytoplasmic PABP2 acts to shorten the poly(A)
tails of specific mRNAs. PABP2, together with the
deadenylase CCR4, regulates the poly(A) tails of
oskar and cyclin B mRNAs, both of which are also
controlled by cytoplasmic polyadenylation. Both
Cyclin B protein levels and embryonic development
depend upon this regulation. These results identify a
regulator of maternal mRNA poly(A) tail length and
highlight the importance of this mode of transla-
tional control.
Introduction
During early development in most species, regulation
of gene expression is strictly posttranscriptional. One
major posttranscriptional regulatory mechanism in-
volves variations in poly(A) tail length, which regulate
mRNA expression by affecting both mRNA stability and
translation. Cytoplasmic changes in mRNA poly(A) tail
length by deadenylation and polyadenylation play, thus,
an essential role in controlling the production of key
proteins during early development (Richter, 2000; Wick-
ens et al., 2000). While cytoplasmic polyadenylation
has been studied extensively, the mechanisms underly-*Correspondence: martine.simonelig@igh.cnrs.fr
3 These authors contributed equally to this work.
4 Present address: University of Massachusetts Medical School,
Program in Molecular Medicine, 373 Plantation Street, Worcester,
Massachusetts, 01605.ing the control of poly(A) tail length in the cytoplasm
are unknown.
In Xenopus oocytes, cytoplasmic poly(A) tail elonga-
tion requires cis elements, including the cytoplasmic
polyadenylation element (CPE) located in the 3# UTR of
mRNAs and the nuclear polyadenylation signal, AAU
AAA. CPEs are bound by the CPE binding protein
(CPEB), a primary factor in cytoplasmic polyadenyla-
tion (Hake and Richter, 1994; Mendez et al., 2000),
which also requires a poly(A) polymerase (PAP) and a
complex that binds the AAUAAA element, called the
Cleavage and Polyadenylation Specificity Factor
(CPSF) (Mendez et al., 2000). Cytoplasmic elongation
of the poly(A) tail leads to translational activation by
remodeling the mRNP: in the repressed state, a transla-
tional repressor called Maskin binds to CPEB and
eIF4E, the cap binding initiation factor, and precludes
the eIF4E-eIF4G interaction that is required for transla-
tion initiation. When polyadenylation occurs, the elon-
gated poly(A) tail is bound by the cytoplasmic poly(A)
binding protein, PABP, which then interacts with eIF4G.
This promotes the association between eIF4E and
eIF4G, thereby allowing translation initiation (Cao and
Richter, 2002).
The role of the poly(A) tail in translational control in
Drosophila is more controversial. In early embryos, a
long poly(A) tail is both necessary and sufficient to in-
duce translation of bicoid and Toll mRNAs, which en-
code the anterior morphogen and a determinant of dor-
soventral polarity, respectively (Salles et al., 1994;
Schisa and Strickland, 1998). Translation of the poste-
rior determinant oskar (osk) mRNA, is also highly regu-
lated during oogenesis. Translation is repressed until
mid-oogenesis, and subsequently in the oocyte, as osk
mRNA is being transported to the posterior pole. Dur-
ing this transport, a major translational repressor is
Bruno (Kim-Ha et al., 1995; Webster et al., 1997), whose
mechanism of action was found to be independent of
the 5# cap and the poly(A) tail in vitro (Castagnetti and
Ephrussi, 2003; Lie and Macdonald, 1999). A recent
study, however, has identified a new translational re-
pressor of osk mRNA, called Cup, which interacts with
both Bruno and eIF4E. This strongly suggests that Cup/
Bruno-mediated translational repression is cap-depen-
dent, acting to prevent the eIF4E-eIF4G interaction in a
manner similar to Maskin (Nakamura et al., 2004). While
the mechanism underlying the release of Bruno repres-
sion at the posterior pole is unknown, accumulation of
Osk protein at the posterior of the oocyte requires osk
mRNA cytoplasmic polyadenylation involving Orb (Cas-
tagnetti and Ephrussi, 2003; Chang et al., 1999; Juge et
al., 2002), the Drosophila homolog of CPEB and Dro-
sophila PAP (Juge et al., 2002).
Before cytoplasmic regulation can occur, poly(A) tails
are added to mRNAs in the nucleus in a cotranscrip-
tional reaction involving endonucleolytic cleavage fol-
lowed by polyadenylation (Wahle and Rüegsegger,
1999). In mammals, the reaction involves two signals
flanking the cleavage site, the upstream polyadenyla-
tion signal, AAUAAA, and a downstream GU-rich ele-
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cluding CPSF, and polyadenylation of cleaved RNAs
can be recapitulated in vitro with CPSF, PAP, and the
nuclear poly(A) binding protein, PABP2 (PABPN1 in
mammals) (Bienroth et al., 1993). While PAP has a very
low affinity for, and binds aspecifically to, RNA, speci-
ficity is achieved through the recognition of the AAU-
AAA element by CPSF, which then tethers PAP to the
RNA by direct protein-protein interaction. While CPSF
thus stimulates PAP, complete stimulation only occurs
in the additional presence of PABP2, which binds the
poly(A) tail when it has reached ten residues in size.
At this point, the reaction becomes processive, and a
complete poly(A) tail is synthesized very rapidly and
without dissociation of PAP from the RNA. PABP2 has
a second function in nuclear polyadenylation, namely,
to control poly(A) tail length: once the poly(A) tail has
reached full length (250 residues in mammalian cells),
the reaction becomes slow and distributive (Wahle,
1995). These two functions of PABP2 in nuclear poly-
adenylation are carried out by different domains of the
protein, and they can be uncoupled by point mutations
(Kerwitz et al., 2003). These data have led to a model
in which multiple PABP2 proteins coat the growing
poly(A) tail, with only one of them directly interacting
with PAP (Kerwitz et al., 2003).
Although PABP2 is nuclear at steady-state levels in
somatic cells, it shuttles from nuclear to cytoplasmic
compartments (Calado et al., 2000). While a possible
role for PABP2 in mRNA export has not been investi-
gated, PABP2 has been found to be associated with an
mRNA during its docking at the nuclear pore, and it was
present on the cytoplasmic side of the nuclear enve-
lope (Bear et al., 2003). This suggests that the ex-
change between nuclear PABP2 and cytoplasmic PABP
on poly(A) tails occurs in the cytoplasm.
Here, we use Pabp2 mutants to address the in vivo
role of PABP2 in Drosophila. We find that PABP2 has a
role in poly(A) tail lengthening in somatic tissues, and
that this function is essential for viability. We have also
described the cytoplasmic presence of PABP2 in oo-
cytes and early embryos (Benoit et al., 1999), and here
we show that cytoplasmic PABP2 binds to poly(A) tails
at these stages and shortens poly(A) tails of specific
mRNAs, in conjunction with the deadenylase CCR4.
Cytoplasmic poly(A) tail length control by PABP2 is
essential for development, as embryos depleted of
PABP2 show early developmental arrest, with elon-
gated poly(A) tails of key maternal mRNAs.
Results
Pabp2 Function in Polyadenylation
Is Essential for Viability
A Pabp2 mutant, Pabp2EP2264, was available from the
Berkeley Drosophila genome project (BDGP) and con-
tains a P element inserted 104 bp upstream of the
Pabp2 start codon (Figures 1A and 1B). We determined
that homozygous Pabp2EP2264 individuals die at late
embryonic and first-instar larval stages, although Pab-
p2EP2264 is not a null allele because the percentage of
embryonic lethality in Pabp2EP2264/Df(2R)CA53 (a defi-
ciency overlapping the Pabp2 locus) individuals is
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ligher than that in Pabp2EP2264 homozygotes. We gen-
rated new Pabp2 alleles, two of which were used here,
y mobilizing the P element in Pabp2EP2264 by using P
ransposase. Pabp255 is a null allele, showing a dele-
ion of the Pabp2 coding sequence from 104 bp up-
tream of the start codon to 56 bp downstream of the
top codon (Figures 1A and 1B). Pabp255 homozygotes
ie as late embryos, with a few individuals dying as
irst-instar larvae. Pabp26 is a weak, sublethal allele,
orresponding to an internal deletion of the P element
resent in Pabp2EP2264 (Figure 1A), and surviving homo-
ygous Pabp26 females show sterility (see below).
estern blots and immunostaining showed that the
evel of PABP2 protein decreases over time in Pab-
2EP2264 and Pabp255 mutant embryos (Figures 1C and
D). PABP2 is stable, however, and a detectable
mount of maternal protein is still present in 24 hr
abp255 embryos.
We confirmed that the lethality observed in Pabp2
utant stocks is caused by a lack of Pabp2 by rescuing
ith a Pabp2 genomic transgene (Pabp2g) (Figure 1A).
his transgene fully rescues the lethality of Pab-
2EP2264/Df(2R)CA53 and Pabp255/Df(2R)CA53 individ-
als (Figure 1E). Pabp2EP2264 lethality was also rescued
y ubiquitous expression of Pabp2 from the UAS ele-
ent present in the EP insertion of Pabp2EP2264, under
he control of the dautherless-Gal4 (da-Gal4) driver, in
abp2EP2264/Pabp2EP2264; da-Gal4/+ individuals. These
esults show that Pabp2 provides an essential function
n vivo.
We analyzed the requirement for PABP2 in cell viabil-
ty by inducing somatic Pabp255 mutant clones in first-
nstar larval neurons. We recovered small mutant
lones (16–32 cells in the brain versus more than 200 in
ild-type brain) in third-instar larvae, but none in adults
Figure S1; see the Supplemental Data available with
his article online). We believe that the mutant clones
urvived, albeit with reduced cell proliferation, to the
hird-instar larval stage due to the small amount of
ABP2 remaining from the first-instar stage. Taken to-
ether, these results show that PABP2 is required for
ell proliferation and cell viability.
The main function of PABP2 has been shown in vitro
o be in nuclear polyadenylation. We therefore asked
hether the lethality seen in Pabp2 mutants may result
rom a nuclear polyadenylation defect. As PAP stimula-
ion by PABP2 is abolished in vitro by mutation of a
ingle residue in the coiled-coil domain of bovine
ABP2 (L136S, [Kerwitz et al., 2003]), we created an
nalogous mutation in Drosophila PABP2 (I61S, Figure
B) and asked whether a genomic transgene bearing
he mutation (Pabp2-I61S) can rescue the lethality of
abp2 mutants. We found that the Pabp2-I61S trans-
ene is unable to rescue the null allele Pabp255, but
t can, to some extent, rescue the weaker alleles
abp2EP2264 (4%) and Pabp26 (50%) (Figure 1E). In vitro
xperiments in which the bovine PABP2-L136S mutant
s mixed with wild-type PABP2 have indicated that, al-
hough efficient polyadenylation requires PABP2 coat-
ng of the poly(A) tail, only the individual PABP2 mole-
ule immediately adjacent to PAP is responsible for
AP stimulation (Kerwitz et al., 2003). Our in vivo data
re in good agreement with this model, as a wild-type
evel of Drosophila PABP2-I61S protein can rescue hy-
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513Figure 1. Characterization of the Pabp2 Mutants
(A) Schematic representation of the Pabp2 locus and of Pabp2 alleles. Open boxes indicate noncoding exons, black boxes indicate coding
exons, and hatched boxes in the mutants indicate deletions. Horizontal arrows indicate the transcription start sites of Pabp2 and of CG11508.
The EP element is indicated in the mutants (not drawn to scale), with the horizontal arrow showing the transcription start site under the
control of UAS regions. The region cloned into the genomic transgene is indicated.
(B) Sequences of the Pabp2EP2264 and Pabp255 alleles and of the Pabp2-I61S transgene. Coordinates are from the genomic sequence of
Pabp2 (AF116341). Uppercase letters represent the coding sequence; the initiation codon is underlined. The arrow in the EP element and the
hatched boxes are as in (A). The wild-type sequence of the PABP2 coiled-coil domain (PABP2) and the amino acid change in the Pabp2-I61S
transgene (PABP2-I61S) are indicated.
(C) Western blot showing that PABP2 is decreased, but still present, in Pabp2EP2264 and Pabp255 mutants at 24 hr of development. Protein
extracts were from wild-type or mutant 24 hr embryos. Anti-α-tubulin was used as a loading control.
(D) Immunostaining of embryos with anti-PABP2 showing the decrease in PABP2 levels in the Pabp255 mutant. Confocal images of 13 hr
embryos. Anterior is oriented toward the left.
(E) Rescue of Pabp255, Pabp2EP2264, and Pabp26 mutant zygotic lethality with the genomic Pabp2 transgene (Pabp2g) or the Pabp2 point
mutant transgene (Pabp2-I61S). The transgenes were heterozygous. The percentage of rescue is the ratio of the number of non-CyO to half
the number of CyO adults.pomorphic Pabp2 mutants, which are able to produce
a certain amount of wild-type PABP2, but not the null
allele unable to produce any wild-type protein.
We next analyzed poly(A) tail length in Pabp2 mu-
tants. Poly(A) tails of the ubiquitously expressed, ribo-
somal protein-encoding sop and rp49 mRNAs were
measured by poly(A) test (PAT) assays, an RT-PCR
technique allowing for amplification of poly(A) tails (Sal-les and Strickland, 1999). In wild-type 24 hr embryos,
the poly(A) tails of sop and rp49 mRNAs were measured
to be over 130 residues in length. In Pabp2EP2264 mu-
tant embryos, poly(A) tails of sop mRNAs, but not rp49
mRNAs, were shorter than wild-type (Figure 2A). In null
allele Pabp255 embryos, poly(A) tails for both rp49 and
sop mRNAs were strongly decreased (Figure 2A). We
showed that sop poly(A) tail shortening in Pabp2 mu-
Developmental Cell
514Figure 2. Role of PABP2 in Polyadenylation In Vivo
(A) PAT assays measuring poly(A) tail lengths of sop and rp49 mRNAs in wild-type and Pabp2 mutant 24 hr embryos.
(B) PAT assays showing the rescue of sop mRNA poly(A) tail length in the Pabp2EP2264 mutant in the presence of the da-Gal4 driver and in
Pabp255/Df(2R)CA53 mutant embryos in the presence of the genomic transgene Pabp2g. RNA extracts were from 24 hr embryos.
(C) Measurements of bulk poly(A) tail lengths in wild-type, Pabp2 mutant, and rescued first-instar larvae (Df: Df(2R)CA53). Total RNAs were
3# labeled, digested, and separated on a polyacrylamide-urea gel. The control corresponds to in vitro-synthesized L3preA110 RNA labeled
and digested as in the experiment. The gel quantification with ImageQuant is shown.
(D) PAT assays measuring poly(A) tail lengths for Hsp70, sop, and rp49 mRNAs in wild-type, Pabp255, or Pabp2g/+; Pabp255 first-instar larvae
after a 30 min heat shock at 36.5°C (HS), without recovery. A control shows that Hsp70 is not expressed without a heat shock (no HS). PCR
products from Hsp70 PAT assays were loaded in equal amounts for wild-type and Pabp255 (Pabp255 [2×]) and show that the distributions of
poly(A) tails are similar (middle panel). The decrease in Hsp70 mRNA levels in the Pabp255 mutant was verified by RT-PCR carried out on
serial dilutions of the template used in the PAT assays. PCR from dilution 1/65 is shown (bottom panel).tants is rescued in genetic backgrounds that rescue
Pabp2 mutant lethality (Pabp2EP2264/Pabp2EP2264; da-
Gal4/+ and Pabp2g/+; Pabp255/Df(2R)CA53) (Figure
2B). The poly(A) tail length distribution of total cellular
R
t
i
tNA was also analyzed by 3# end labeling and diges-
ion with RNases A and T1, which leaves the poly(A)
ntact. In null Pabp255/Df(2R)CA53 first-instar larvae,
he average poly(A) tail length was markedly shorter
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515than that in wild-type or rescued Pabp2g/+; Pabp255/
Df(2R)CA53 larvae: the amount of poly(A) between 50
and 70 nt was increased, and the amount of poly(A)
longer than 70 nt was decreased (Figure 2C).
The short poly(A) tails in Pabp2 mutants result both
from a lack of newly synthesized mRNA with full-length
poly(A) tails and from deadenylation. To determine the
consequences of a lack of PABP2 on newly synthesized
mRNA, we induced Hsp70 transcription by heat shock
and measured the poly(A) tails of Hsp70 mRNA in wild-
type and Pabp2 mutant larvae. As in the absence of
heat shock, poly(A) tails of sop and rp49 mRNAs were
shorter in Pabp255 larvae than in wild-type or in larvae
rescued with the genomic Pabp2 transgene (Figure 2D,
right panel). In contrast, poly(A) tails of Hsp70 mRNA
measured immediately after transcription were no
shorter in Pabp255 mutant larvae than they were in wild-
type or rescued larvae (Figure 2D, left and middle pan-
els), although we did observe a decrease in the overall
amount of Hsp70 mRNA and poly(A) tails in Pabp255
mutant larvae. We believe that the small amount of
Hsp70 poly(A) tails produced is due to the pool of ma-
ternal PABP2 still present in 24 hr Pabp255 individuals
(Figure 1C).
Taken together, these results show that PABP2 is re-
quired in vivo for poly(A) tail synthesis during mRNA
3# end processing and that this function is essential
for viability.
Lack of PABP2 in the Germline Induces Embryo
Patterning and Cell Cycle Defects
We have previously shown that PABP2 is present in the
cytoplasm in oocytes and embryos prior to zygotic
transcription (Benoit et al., 1999). To investigate the
function of this cytoplasmic fraction of PABP2, we ana-
lyzed the phenotypes of Pabp2 mutant oocytes and
early embryos. We induced Pabp255 and Pabp2EP2264
mutant germline clones. In agreement with a require-
ment for Pabp2 in cell viability, no Pabp255 germline
clones were obtained. While some Pabp2EP2264 germ-
line clones were recovered, their incidence was 30
times lower than that of wild-type clones (Figure 3A),
indicating that most mutant clones did not survive. A
total of 48% of the embryos from Pabp2EP2264 germline
clones did not hatch, and 10% of the embryos that did
hatch showed chorion or embryonic patterning defects
(Figure 3A).
We also analyzed the weak allele Pabp26 escapers
and found the females to be sterile. DAPI staining of
Pabp26 ovaries shows that oogenesis often arrests at
stage 8, with egg chambers subsequently degenerating
(Figure 3C), although some older stage oocytes were
found. Pabp26 females can lay eggs, but 91% of them
do not hatch, with half showing polarity defects or a
thin chorion (Figures 3A and 3B). DAPI staining of these
embryos showed that half of them did not resist decho-
rionation, suggesting a defect in chorion and/or vitelline
membrane deposition, and 20% (n = 112) of those that
did resist dechorionation arrested development early
with various cell cycle defects. These defects included
uneven distribution of nuclei at the surface of the
embryo, and longer than wild-type embryos that con-
tain a high number of irregular nuclei of various sizesand fail to undergo cellularization (Figure 3D). These
phenotypes resemble those of embryos with an ele-
vated dosage of maternal Cyclin B (Cyc B) (Stiffler et
al., 1999). We determined that these defects of the
Pabp26 mutant result from reduced Pabp2 function in
the germline by inducing Pabp26 germline clones,
which were recovered only half as often as wild-type
clones (Figure 3A). The percentage of embryonic lethal-
ity and the phenotypes of embryos from Pabp26 germ-
line clones were similar to those of Pabp26 mutant fe-
males (Figure 3A). We also determined that the lethality
of embryos from Pabp26 females was rescued in the
presence of the Pabp2-I61S transgene, which is mutant
on a residue essential for nuclear PAP stimulation (Fig-
ure 3A).
oskar and cyclin B mRNAs Are Regulated by
Cytoplasmic Polyadenylation
Expression of Cyc B1 is regulated by cytoplasmic poly-
adenylation during meiotic maturation in Xenopus and
mice, as well as during the mitotic cycle in Xenopus
embryos (Barkoff et al., 2000; Groisman et al., 2002;
Stebbins-Boaz et al., 1996; Tay et al., 2000). As Pabp2
mutant germline phenotypes suggested a defect in Cyc
B dosage, we examined whether cyc B mRNA is simi-
larly regulated by cytoplasmic polyadenylation during
Drosophila oogenesis. Egg chambers of progressive
stages from wild-type females and from females carry-
ing a weak orb allele, orbmel, were dissected, and their
RNA was analyzed by using PAT assays. As a positive
control, osk poly(A) tails were measured in wild-type
egg chambers; their average length was found to be
short, as previously reported (Lie and Macdonald,
1999), up to stage 10, and elongated strongly from
stages 9–10 to stage 14 (Figure 4A and Figure S2). Note
that longer poly(A) tails of the posterior translated pool
of osk mRNA at stages 9–10 may not significantly affect
bulk osk poly(A) tail distribution. As described before,
osk poly(A) tail elongation was affected in orbmel egg
chambers (Castagnetti and Ephrussi, 2003; Chang et
al., 1999; Juge et al., 2002), particularly at stage 14 (Fig-
ure 4A). We found that poly(A) tails from cyc B mRNA
were also elongated during egg chamber maturation,
and that this elongation is reduced in orbmel egg cham-
bers. sop mRNA, which is not regulated by cytoplasmic
polyadenylation, was used as a control and had similar
poly(A) tail lengths throughout egg chamber matura-
tion. cyc B poly(A) tails were also measured during early
embryogenesis and were found to undergo further
lengthening from 120 nt in stage-14 oocytes to 200 nt
in embryos. This poly(A) length appeared to be stable
during the first 30 min of development (Figure 4A, right
panel). Western blots of progressive stage egg cham-
bers and of early embryos revealed that the lengthening
of cyc B poly(A) tails between stage-10 and stage-14
egg chambers correlated with an increase in Cyc B pro-
tein levels, and that a high level of Cyc B is maintained
in early embryos (Figure 4B). An increase in Cyc B be-
tween stage-10 and stage-14 oocytes is consistent
with the progression in these stages from prophase to
metaphase of meiosis I (King, 1970). As expected, this
increase in Cyc B levels in stage-14 oocytes was re-
duced in the orbmel mutant (Figure 4B).
Developmental Cell
516Figure 3. Requirement of Pabp2 Function in
the Female Germline
(A and B) Pabp26 mutant females, or females
in which wild-type or Pabp2 mutant germline
clones were induced, were crossed with
wild-type males, and maternal-effect embry-
onic lethality was determined. Ventralized
eggshells display a reduction of dorsal ap-
pendages that are fused or close together.
An example is shown in (B). Anterior is ori-
ented toward the left. Maternal-effect em-
bryonic lethality of Pabp26 is rescued by the
point mutant Pabp2-I61S transgene.
(C) DAPI staining of ovaries showing a stage-
8 arrest in oogenesis of Pabp26 females.
(D) DAPI staining of embryos from Pabp26
females showing an uneven distribution of
nuclei with an asynchrony in nuclear cleav-
ages (top panel) and a long embryo with a
high number of irregular nuclei of various
sizes, without cellularization (bottom panel).
Enlargements of the anterior or posterior
poles are shown. Arrows indicate meta-
phases surrounded by nuclei in interphase.
Anterior is oriented toward the left.We also performed Orb immunoprecipitation in ova-
ries and asked, by using RT-PCR, whether cyc B mRNA
is bound by the Orb protein. These experiments
showed that cyc B mRNA, as the positive control osk
mRNA (Chang et al., 1999), is indeed associated with
Orb in ovary extracts, whereas the negative control sop
mRNA is not (Figure 4C).
We conclude that cyc B mRNA is regulated by cyto-
plasmic polyadenylation during oogenesis and early
embryogenesis in Drosophila. This regulation is Orb de-
pendent in ovaries and contributes to the control of Cyc
B protein levels.
PABP2 Has a Role in Poly(A) Tail Length
Control in the Cytoplasm
RNA from late oocytes and 0–1 hr embryos from wild-
type, Pabp26, or Pabp2EP2264 germline clones was ana-
lyzed by using PAT assays. Poly(A) tails of the control
sop mRNA were of similar size in wild-type and in
Pabp26 germline clones, and they were significantly
shorter in Pabp2EP2264 clones (Figure 5A, right panel;
Figure S3). This is consistent with the fact that Pabp26
is a weak allele and with the expected role of PABP2
in poly(A) tail lengthening in nuclear polyadenylation.
Polyadenylation of sop mRNA visualized here occurred
in ovary nurse cells. Poly(A) tails of osk and cyc B
mRNAs were also measured in germline clones. Unex-
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Pectedly, a lengthening of these poly(A) tails, instead of
shortening, was observed in Pabp2 mutant germline
lones. Again, this phenotype was weak in the Pabp26
utant, with poly(A) tails similar in length to wild-type
or osk mRNA and slightly longer than wild-type for cyc
. Poly(A) tail lengthening of osk and cyc B mRNAs was
ore significant in Pabp2EP2264 germline clones, how-
ver, both in oocytes and embryos (Figure 5A). Western
lot analysis showed that the lengthening of cyc B
RNA poly(A) tails in Pabp26 and Pabp2EP2264 mutant
ermline clones correlated with a higher than wild-type
evel of Cyc B protein in oocytes and 0–30 min embryos
Figure 5B).
This new poly(A) tail phenotype in Pabp2 mutants oc-
urred on specific mRNAs and differed from that ob-
erved on bulk mRNA polyadenylation. This indicated
different function of PABP2 that possibly acts in the
ytoplasm, as osk and cyc B mRNAs are regulated by
ytoplasmic polyadenylation. To investigate this possi-
ility, we looked for genetic interactions between
abp2 and orb mutants. We used the weak allele orbmel
nd asked whether Pabp2 lethal mutants could act as
ominant suppressors of orbmel phenotypes. Both Pab-
2EP2264 and Pabp255 heterozygous mutants indeed al-
eviated the orbmel phenotype with respect to both em-
ryonic lethality and dorsoventral polarity (Figure 6A).
abp255 showed a stronger effect, consistent with the
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517Figure 4. cyc B mRNA Is a Target of Orb-Dependent Cytoplasmic Polyadenylation in Oocytes
(A) PAT assays measuring poly(A) tails of osk and cyc B mRNAs in wild-type or orbmel egg chambers and poly(A) tails of cyc B mRNA in wild-
type egg chambers and early embryos (right panel) (germ: germarium, emb: embryos). PAT assays of sop mRNA, which is not regulated by
cytoplasmic polyadenylation, were carried out as a control.
(B) Western blot with anti-Cyc B showing that the lengthening of cyc B mRNA poly(A) tails in stage-14 oocytes correlates with an increase in
Cyc B protein levels (5 times), and that this increase is lower in the orbmel mutant (2.5 times). Anti-α-tubulin was used as a loading control.
Protein extracts were from ten stage-9/10 oocytes and from four stage-14 oocytes or embryos. Quantification of Cyc B amounts was carried
out with NIH Image, and the ratio of Cyc B/α-tubulin in stages 9–10 was set at 1 (bottom).
(C) Immunoprecipitation of osk and cyc B mRNAs with Orb protein in wild-type ovary extracts. Immunoprecipitations were with anti-Orb or
with an irrelevant antibody (mock IP) followed by RT-PCR. The control PCR was without template, and an RT-PCR was performed on total
ovary RNAs (total RNA).respective strength of the alleles. Poly(A) tails of osk
and cyc B mRNAs were compared in orbmel and in
Pabp2EP2264/+; orbmel or Pabp255/+; orbmel ovaries. In
agreement with the observed genetic interaction, both
Pabp2 mutants dominantly restored longer poly(A) tails
of osk mRNA in orbmel ovaries, and Pabp255, the null
allele, restored longer poly(A) tails for both mRNAs (Fig-
ure 6B and Figure S4). This indicated that a decrease
in PABP2 levels can compensate for the poly(A) tail
elongation defect in the orbmel mutant. As Orb regula-
tion occurs in the cytoplasm, this result strongly sug-
gests that PABP2 regulates poly(A) tail length in the cy-
toplasm.
These data reveal a function of PABP2 in the cyto-
plasm of oocytes and/or early embryos in shortening or
controlling poly(A) tails of specific RNAs that are regu-
lated by cytoplasmic polyadenylation.
PABP2 Is Present on mRNA Poly(A) Tails
in the Cytoplasm of Oocytes and Early Embryos
To confirm that PABP2 has a cytoplasmic function dur-
ing early development, we asked whether PABP2 binds
poly(A) tails in the cytoplasm of oocytes and early em-
bryos. As Orb is known to accumulate in the oocyte
cytoplasm and bind to specific mRNAs (Chang et al.,1999), we performed coimmunoprecipitation experi-
ments with PABP2 and Orb in ovary extracts. A small
fraction of PABP2 coimmunoprecipitated with Orb (Fig-
ure 7A, right panel). The finding that most PABP2 is not
complexed with Orb was not unexpected, as the pro-
tein is also highly abundant in nurse cell and follicle
cell nuclei. Orb was also found to coimmunoprecipitate
with PABP2 (Figure 7A, left panel).
We analyzed coimmunoprecipitation between PABP2
and cytoplasmic PABP, both in ovaries and in 0–1 hr
embryo extracts, and we found that PABP2 and PABP
coimmunoprecipitated in both extracts (Figure 7B). To
determine whether this interaction is mediated by
poly(A) tails, coimmunoprecipitations were performed
in the presence of micrococcal nuclease, which de-
grades poly(A) tails. Micrococcal nuclease abolished
the PABP2-PABP interaction (Figure 7B), strongly sug-
gesting that PABP2 and PABP are present together on
the same poly(A) tails.
To further demonstrate that the cytoplasmic pool of
PABP2 is able to bind mRNAs in early embryos, we
used an injection assay (Lall et al., 1999) to visualize
the recruitment of PABP2 on cyc B mRNA in living em-
bryos. Three independent GFP-tagged PABP2 Dro-
sophila lines generated by the protein trap strategy
(Morin et al., 2001) were used, and PABP2 distribution
Developmental Cell
518Figure 5. Role of PABP2 in Shortening Poly(A) Tails of mRNAs Regulated by Cytoplasmic Polyadenylation
(A) PAT assays measuring poly(A) tails of osk, cyc B, and sop mRNAs in late (stages 13–14) oocytes (oo) or 0–1 hr embryos (emb) from
females in which wild-type, Pabp26, or Pabp2EP2264 germline clones were induced. Females were crossed with wild-type males.
(B) Western blots with anti-Cyc B showing that the lengthening of the cyc B mRNA poly(A) tails in Pabp2 mutant germline clones correlates
with an increase in the Cyc B protein level. Protein extracts were from one stage-14 oocyte or one 0–30 min embryo per lane from females
in which wild-type or Pabp2 mutant germline clones were induced. The level of Cyc B is stable during the first hour of development (up to
nuclear cycle 8) in wild-type embryos (Edgar et al., 1994). Anti-α-tubulin was used as a loading control.during early embryogenesis was reanalyzed. As with
anti-PABP2 immunostaining (Benoit et al., 1999),
PABP2-GFP was present in the cytoplasm in syncytial
blastoderm embryos, and nuclear amounts of the pro-
tein increased over time after each mitosis (Figures 7C–
7E). Fluorescent cyc B RNA was injected into PABP2-
GFP embryos and was monitored, as well as GFP, by
time-lapse confocal microscopy from cycle 9 to cycle
12. cyc B RNA assembled, at interphase and prophase,
as large cytoplasmic particles that strongly recruited
PABP2-GFP (Figures 7F–7M, Movies S1 and S2, and
Figure S5).
Taken together, these results demonstrate that, dur-
ing early development, PABP2 is dynamically recruited
on polyadenylated mRNAs in the cytoplasm and that
poly(A) tails of these mRNAs are bound together by
PABP and PABP2.
Synergistic Action of PABP2 and the Deadenylase
CCR4 on Poly(A) Tail Length Control
As cytoplasmic PABP2 acts to shorten poly(A) tails of
particular mRNAs, a simple model could be that it does
so by activating deadenylation. The major deadenyla-
tion complex in Drosophila contains the deadenylase
CCR4 (Temme et al., 2004). CCR4 is involved in dead-
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ssential in the soma (Temme et al., 2004). ccr4 func-
ion, however, is essential in the female germline and
uring early development (Morris et al., 2005; Temme
t al., 2004) through the deadenylation of key mRNAs,
ncluding cyc B, other cell cycle regulators (Morris et
l., 2005), and osk (S.Z. and M.S. unpublished data).
e used a strong ccr4 mutant, ccr48115, which shows a
igh maternal-effect embryonic lethality (78% of eggs/
mbryos from ccr48115 homozygous females crossed
ith wild-type males died, most with a thin chorion or
laccid, n = 349) and asked whether the simultaneous
eduction of CCR4 and PABP2 dosage affected embry-
nic development. We indeed found a genetic interac-
ion between Pabp2 and ccr4 mutants, as a substantial
mount of embryos from Pabp255/+; ccr48115/+ double
eterozygous females died (42%), whereas the amounts
f lethal embryos from females bearing either of the
ingle heterozygous mutations were low (15% and 8%,
espectively) (Figure 6A). Poly(A) tails of osk and cyc B
RNAs were measured in 0–1 hr embryos from
abp255/+; ccr48115/+ females and were found to be
ignificantly longer than in wild-type embryos (Figure
C and Figure S4).
This finding indicates that cytoplasmic PABP2 in
Cytoplasmic Function of PABP2 in Early Development
519Figure 6. The Function of PABP2 in Shorten-
ing Poly(A) Tails Occurs in the Cytoplasm
and in Synergy with the Deadenylase CCR4
(A) Females of the indicated genotype were
crossed with wild-type males, and the ma-
ternal-effect embryonic lethality was deter-
mined (ventralized: fused dorsal append-
ages). The phenotytpe of orbmel females is
reduced when the orbmel mutant is com-
bined with a heterozygous Pabp2 lethal al-
lele. In contrast, the simultaneous decrease
of PABP2 and CCR4 amounts in Pabp255/+;
ccr48115/+ females leads to important em-
bryonic lethality.
(B) PAT assays showing that the shortening
of osk and cyc B poly(A) tails in orbmel ova-
ries is rescued when the dosage of PABP2 is
reduced in Pabp2−/+; orbmel ovaries.
(C) PAT assays showing that poly(A) tails of
osk and cyc B mRNAs are elongated in 0–1
hr embryos from Pabp255/+; ccr48115/+ fe-
males. Control embryos were from wild-type,
Pabp255/+, or ccr48115/+ females. Females
were crossed with wild-type males.
sop was used as a control mRNA in (B) and (C).early embryos has a role in shortening poly(A) tails of
mRNAs deadenylated by CCR4, and that this shorten-
ing, leading to the correct poly(A) tail length of key
mRNAs, is essential to early development.
Discussion
Function of PABP2 in Nuclear Polyadenylation
An important set of biochemical data has led to a pre-
cise description of PABP2 function in nuclear poly-
adenylation (Kühn and Wahle, 2004). In in vitro poly-
adenylation assays, PABP2 has two distinct roles: it
stimulates PAP to make polyadenylation processive,
and it controls poly(A) tail length, with polyadenylation
becoming distributive once the tail has reached 250 nu-
cleotides. This length control involves a measurement
of the poly(A) tail by PABP2 (Wahle, 1995). Drosophila
PABP2 tested in mammalian polyadenylation-reconsti-
tuted assays also shows these two functions (Benoit et
al., 1999). In this paper, we analyze the in vivo function
of PABP2. Using a null Pabp2 allele, we show that
poly(A) tails measured either on total or on individual
mRNAs are shorter in Pabp2 mutants than they are in
wild-type, consistent with a role for PABP2 in poly(A)
tail elongation. The short poly(A) tails in mutant em-
bryos appear to result from deadenylation of existing
mRNAs and progressive reduction of new mRNA syn-
thesis as the PABP2 level decreases. Poly(A) tails of
newly synthesized Hsp70 mRNA were of similar size in
the Pabp255 mutant and in wild-type, although theywere present in a small amount in the mutant and were
thought to be synthesized with the remaining maternal
PABP2. The finding that newly synthesized mRNAs with
short poly(A) tails do not accumulate when PABP2 is
limiting suggests that PABP2 is absolutely required for
polyadenylation and that PAP is unable to produce sta-
ble poly(A) tails in the absence of PABP2. In agreement
with this, we found that PABP2 is essential for viability,
and specifically for cell viability, as Pabp255 mutant so-
matic or germline clones do not survive. Moreover, le-
thality in the absence of PAPB2 may be caused by a
lack of PAP stimulation, as a Pabp2 transgene bearing
a point mutation that prevents PAP stimulation is un-
able to rescue the lethality of the null allele Pabp255.
Taken together, these results strongly suggest that the
function of PABP2 in mRNA polyadenylation is essen-
tial, and that PAP in the absence of PABP2 is incapable
of producing stable polyadenylated mRNAs.
Cytoplasmic Function of PABP2 in Poly(A) Tail
Length Control
One important conclusion presented in this paper is the
identification of an unexpected function for PABP2 in
regulating poly(A) tail length of cytoplasmic mRNAs
during early development. Using two hypomorphic
Pabp2 alleles, we found that a reduced amount of
PABP2 leads to elongated poly(A) tails in two mRNAs
regulated by cytoplasmic polyadenylation. Three sets
of data indicate that this function of PABP2 is cytoplas-
mic: (i) the poly(A) tail elongation phenotype on the in-
Developmental Cell
520Figure 7. PABP2 Binds Poly(A) Tails of Cyto-
plasmic mRNAs during Early Development
(A) Coimmunoprecipitation (IP) between Orb
and PABP2 in ovary extracts. Proteins from
wild-type ovary extracts were immunopreci-
pitated with anti-PABP2 or anti-Orb, and
bound proteins were analyzed by Western
blots with anti-PABP2 or anti-Orb. Controls
(mock IPs) were with an irrelevant monoclo-
nal antibody (for Orb IP) or preimmune serum
(for PABP2 IP). Extract prior to IP was loaded
(1/20 of the amount loaded in IP lanes)
(input).
(B) Coimmunoprecipitation between PABP
and PABP2 in ovary and 0–1 hr embryo ex-
tracts. Proteins were immunoprecipitated
with anti-PABP2, anti-PABP, or preimmune
serum (mock IP), either in the absence or the
presence of micrococcal nuclease (+nu-
clease). Bound proteins were detected by
Western blots with anti-PABP2 or anti-PABP.
Extract prior to IP was loaded (1/10–1/20 of
the amount loaded in IP lanes) (input).
(C–M) PABP2-GFP distribution in syncytial
blastoderm embryos and its recruitment on
cytoplasmic cyc B-50A RNA. (C–E) Embryos
from the G392 PABP2-GFP protein trap
stock were injected with rhodamin-labeled
tubulin (red) to visualize centrosomes and
mitotic spindles and were analyzed by time-
laspe confocal microscopy. PABP2-GFP
(green) is present in nuclei and cytoplasm in
early blastoderm stages, and its nuclear
amount increases progressively after each
mitosis ([C], [D], [E]: mitotic cycles 10, 11,
12). (F–K) Embryos from PABP2-GFP stock
(F–H) ZCL3178 or (I–K) 48.1 were injected
with fluorescent cyc B-50A RNA (red). In-
jected RNA forms cytoplasmic particles into
which PABP2-GFP (green) is recruited. (L
and M) A control GFP-tagged protein (green,
stock G271) is not recruited by cyc B-50A
RNA (red). Early prophases of division 12
are shown.volved mRNAs is the opposite of the Pabp2 mutant
phenotype on total mRNAs, also visible in the same
RNA preparations on the control sop mRNA; (ii) a re-
duced level of PABP2 restores longer poly(A) tails on
osk and cyc B mRNAs, but not on sop mRNA, in orbmel
ovaries in which cytoplasmic polyadenylation is im-
paired; (iii) PABP2 is cytoplasmic in oocytes, and in
early embryos prior to the onset of zygotic transcrip-
tion, it binds poly(A) tails of mRNAs that are also bound
by the cytoplasmic proteins Orb and PABP, and it is
recruited into cytoplasmic cyc B mRNA particles.
This cytoplasmic function of PABP2 is essential for
early development. PABP2 is required to shorten
poly(A) tails of, at least, osk and cyc B mRNAs, and in
Pabp2 mutant germline clones the lengthening of cyc
B poly(A) tails correlates with higher levels of Cyc B
protein and with embryonic phenotypes similar to those
produced by a high dosage of maternal Cyc B. Misreg-
ulation of other maternal mRNAs could also contribute
to the lethality of embryos from these germline clones,
as cytoplasmic PABP2 probably regulates several of
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ahem. We found that the maternal-effect embryonic le-
hality of Pabp26 is strongly rescued by the Pabp2-I61S
ransgene, which lacks the nuclear function of PAP
timulation; this suggests that this lethality results from
defect in the cytoplasmic function of PABP2. In addi-
ion, the synergistic effect of the simultaneous de-
rease in PABP2 and CCR4 amounts in the female
ermline, which leads to important embryonic lethality
nd elongated poly(A) tails of osk and cyc B mRNAs,
lso indicates an essential function of cytoplasmic
ABP2 in shortening poly(A) tails at these stages. Fi-
ally, consistent with PABP2 playing a major role in the
ytoplasm during early development is the recent iden-
ification of a cytoplasmic PABP2 specific to embryos
n Xenopus and mouse (Good et al., 2004).
Several lines of evidence suggest that PABP2 regu-
ates poly(A) tail length in the cytoplasm by using a dif-
erent mechanism than that used during nuclear poly-
denylation. Termination of poly(A) tail elongation
uring nuclear polyadenylation is thought to result from
PABP2-dependent remodeling of the polyadenylation
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521complex that blocks PAP stimulation. This remodeling
depends on the complete coating of the poly(A) tail by
PABP2 (Kerwitz et al., 2003). In sharp contrast, studies
of cytoplasmic polyadenylation in Drosophila embryos
suggest that the reaction is not processive and does
not involve PAP stimulation by PABP2. Cytoplasmic
polyadenylation of bicoid mRNA in embryos is slow
(Salles et al., 1994), with poly(A) tail elongation depend-
ing on the level of PAP (Juge et al., 2002). Very long
poly(A) tails are produced by overexpression of PAP,
without poly(A) tail length control. Consistent with this,
we found that cytoplasmic PABP and PABP2 are pre-
sent on the same mRNA poly(A) tails in ovary and early
embryo extracts, thereby precluding complete coating
of the poly(A) tail by PABP2.
In yeast, poly(A) tail length control involves deadeny-
lation by the PAN (Pan2/Pan3) deadenylase, which is
activated by poly(A) tail bound PABP (Brown and
Sachs, 1998). We propose that, similarly, during early
Drosophila development, cytoplasmic PABP2 controls
the poly(A) tail length of key mRNAs whose turnover
and translatability are specifically regulated, by modu-
lating the activity of a deadenylase. Poly(A) tail length
control of these mRNAs would thus be achieved by the
balance between cytoplasmic polyadenylation and
deadenylation. A major deadenylation complex in Dro-
sophila is the CCR4/NOT complex, in which CCR4 is
the deadenylase (Temme et al., 2004). ccr4 function is
essential in the female germline, where it regulates
poly(A) tail lengths of cyc B mRNA and other cell cycle
regulators (Morris et al., 2005). We found that Pabp2
and ccr4 act in conjunction in shortening poly(A) tails
of specific mRNAs, consistent with a possible role of
PABP2 in stimulation of CCR4 activity. In yeast, dead-
enylation by the CCR4/NOT complex is inhibited in vitro
by PABP (Tucker et al., 2002). If this regulation is con-
served in metazoans, the presence of PABP2 on poly(A)
tails could modulate this effect of PABP.
Experimental Procedures
Drosophila Stocks and Genetics
The w1118 stock was used as a control. Homozygous Pabp2 mutant
embryos or larvae were selected by using the balancer chromo-
some CyO-pAct-GFP. We used the da-Gal4 driver line that medi-
ates ubiquitous expression. Homozygous mutant Pabp2 germline
clones were induced by a 1 hr heat shock at 37°C during the third-
instar larval stage, by using the FLP recombinase-dominant female
sterile technique (Chou and Perrimon, 1996). The ccr48115 mutant
was generated by DGSP (Drosophila Gene Search Project, Tokyo
Metropolitan University) and contains a P-UAS insertion in the large
19.6 kb intron of ccr4 (Temme et al., 2004). ccr48115 homozygous
females are viable and show a high level of sterility. PABP2-GFP
protein trap stocks were G392 (Morin et al., 2001) and ZCL3178
(http://flytrap.med.yale.edu/), in which the P-GFP element is in-
serted into intron 2 of Pabp2, and 48.1 (http://biodev.obs-vlfr.fr/
gavdos/protrap.htm), in which the insertion is in the last exon. The
control protein trap stock was G271 (http://flytrap.med.yale.edu/)
(insertion in CG8443), in which the GFP is cytoplasmic.
RNA Manipulation
RNA preparations and PAT assays were performed as described
(Juge et al., 2002; Salles and Strickland, 1999). Poly(A) measure-
ments of total mRNAs were carried out as reported (Temme et al.,
2004). RNA extracts were from 20–100 24 hr embryos or first-instar
larvae, and from 10–20 0–1 hr embryos or stage-14 oocytes. PCR
fragments from PAT assays were separated on 2% agarose gelsand visualized either under UV light or by Southern blot. RT-PCR
was performed as described (Benoit et al., 2002), except that oli-
go(dT)12-18 was used for the reverse transcription.
Immunoprecipitations, Western Blots, and Immunostaining
Immunoprecipitations were performed as described (Chang et al.,
1999) and were followed by either RNA extraction and RT-PCR or
by Western blots. Extracts were from ovaries from 50 females or a
volume of 200 l of embryos. A total of 5–6 l anti-PABP2 serum
was used per experiment. Irrelevant antibodies were a monoclonal
antibody that does not recognize any Drosophila protein and the
preimmune serum of anti-PABP2. Western blots and immuno-
staining were performed as reported (Benoit et al., 1999). Antibody
dilutions were: 1/500 or 1/1000 for anti-PABP2, 1/1000 for anti-Cyc
B (gift from W. Whitfield), 1/20 for anti-Orb (6H4, Developmental
Studies Hybridoma Bank), 1/500 for anti-PABP (gift from A. Vin-
cent), and 1/1000 for anti-α-tubulin (Sigma).
Time-Lapse Confocal Microscopy
A cyc B cDNA (M33122 [Lehner and O’Farrell, 1990]) was used to
generate a PCR product with oligos T3 and (T)50ATAAAATTATA
CAAAACTTT. Fluorescent capped RNA corresponding to the com-
plete cyc B maternal mRNA with a poly(A) tail of 50 nt was tran-
scribed from the purified PCR product, in the presence of Cyanine
3-UTP (PerkinElmer), by using the mMESSAGE mMACHINE kit
(Ambion). Embryos were injected with rhodamin-conjugated tubulin
at 5 mg/ml in H2O or with cyc B-50A RNA at 1 mg/ml in H2O.
Images were captured at 10 s intervals by using a Leica TCS-SP
inverted laser-scanning confocal microscope. ImageJ software was
used for image processing.
Supplemental Data
Supplemental Data including Supplemental Experimental Pro-
cedures, five figures, and two movies are available at http://www.
developmentalcell.com/cgi/content/full/9/4/511/DC1/.
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